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I.  SUMMARY 


This  report  covers  the  period  from  1 .June  1973  through  31  May  1974 
and  describes  the  research  carried  out  in  four  major  areas:  1)  Materials 

for  Hnergy  Storage,  2)  Heterogeneous  Catalysis,  3)  Maximization  of  Flectret 
Effect  in  Polyacrylonitrile  Films  and  4)  Properties  of  Foils  Containing  Very 
Short  Wavelength  Composition  Modulations. 

A.  Technical  1 rob  lorn  and  Approach, 

1.  Materials  for  Energy  Storage 

The  discovery  of  new  types  of  solid  electrolytes  (such  as  beta 
alumina,  RbAg4  1^  , copper  and  silver  halides  and  stabilized  zirconia)  with 
large  values  ol  ionic  conductivity  at  relatively  low  temperatures  has  enhanced 
the  prospect  of  developing  battery  systems  possessing  a high  energy  storage- 
to-weight  ratio,  high  power  output  capability,  long  life  in  service,  effi- 
ciency in  charge-discharge  characteristics  and  the  capability  of  bein,,  con- 
structed from  inexpensive,  readily  obtainable  materials.  Two  complementary 
areas  of  research  are  being  pursued.  The  first  involves  a search  for  new 
materials  to  be  used  as  solid  state  electrolytes  and  electrodes,  and  the 
second  involves  detailed  studies  on  electrolytes  already  known  to  be  pre- 
dominantly ionic  conductors.  Toward  these  ends,  studies  already  underway  of 
cuprous  halides  as  model  systems  are  being  continued.  Research  has  been  in- 
itiated on  :naterials  (e.g.,  0 and  Q>"  alumina,  some  tungsten  bronze  phases, 
calcia  stabilized  zirconia  and  some  hollandites'*  which  can  be  used  over  a 
wider  range  of  operating  conditions.  Materials  of  interest  will  be  prepared 
by  sintering  as  well  as  by  standard  crystal  growth  techniques.  Mossbauer  and 
NMR  techniques  as  well  as  electrical  conductivity  and  dielectric  loss 
properties  are  being  used  to  characterize  these  materials. 

2.  Heterogeneous  Catalysis 

A number  of  the  most  important  heterogeneous  catalysts  consist  of 
tiny  crystallites  of  metal  supported  on  carriers  such  as  alumina  or  silica. 

Yet  relatively  little  is  known  of  the  effect  of  particle  size  and  morphology 
and  of  the  effect  of  the  support  upon  the  catalytic  activity.  Standard 
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batches  of  catalysts  are  being  prepared  by  different  methods,  of  varying 
particle  sizes  and  on  different  supports.  These  catalysts  will  be  character- 
ized as  completely  as  possible  using  >c-ray  photoelectron  spectroscopy  (to 
gain  information  about  the  surfaces,  i.e.,  support,  catalyst  etc.),  LPR 
studies  (to  yield  information  about  the  identity  of  sites  at  the  surface  and 
their  electronic  nature),  kinetic  studies  (to  determine  the  kinetic  form  and 
rate  constants  for  reactions  chosen  to  give  optimum  information  about  cata- 
lytic characteristics)  and  selectivity  studies  (to  determine  relative  yields 
of  several  concurrent  reactions).  When  these  data  have  been  assembled,  an 
attempt  will  be  made  to  systematize  the  results  phenomenologically  and  to 
develop  a theoretical  understanding  of  the  underlying  phenomenon. 


3.  Maximization  of  Electret  Effect  in  Polyacrylonitrile  Films 
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and  elastic  modulus  as  the  wavelength  of  the  modulation  is  decreased.  There 
appear  to  bo  no  theories  that  account  for  this  increase.  The  present  re- 
search is  directed  toward  investigating  systems  other  than  Cu-Ni  to  determine 
whether  the  effect  is  limited  to  this  material  'nd,  if  not,  to  develop  systems 
which  exhibit  even  higher  elastic  moduli.  Attempts  will  be  made  to  extend 
the  range  of  wavelengths  downward  from  the  present  14  A to  7 A (which  is  the 
smallest  wavelength  composition  attainable  with  the  present  setup).  A further 
objective  is  the  fabrication  of  small  components  of  intricate  shape  having 
high  strength  to  weight  ratios.  Preliminary  electrical  arid  magnetic 
measurements  will  also  be  undertaken. 

B.  Technical  Results 

1.  Materials  for  Energy  Storage 

Research  was  conducted  on  three  related  systems.  These  are  materials 
for  electrodes,  materials  for  electrolytes  in  fuel  cells  and  materials  for 
electrolytes  in  solid  state  batteries.  The  work  on  electrode  materials  for 
battery  applications  has  been  on  two  classes  of  materials,  namely,  the  alkali 
hollandite  phases  arc  the  tungsten  bronzes.  Both  these  materials  exhibit 
good  electronic  conduction  and  can  be  prepared  with  a wide  range  of 
stoichiometry . 

The  alkali  (K,  Rb , Cs ) hollandite  phases  have  been  prepared  by  re- 
duction of  an  alkali  titanate,  and  the  diffusion  of  X'a+  is  being  studied 
using  NMR  line  narrow ing-tcchniques . The  tungsten  bronzes  (general  formula 
h^,W03  , where  M is  usually  a monovalent  cation  and  x varies  between  0 and  1) 
are  also  under  investigation.  Single  crystals  of  NaxWQ3  have  successfully 
been  prepared  by  electrolysis,  and  the  thermodynamic  activities  of  the  sodium 
have  been  determined  on  these  crystals  using  a galvanic  cell  technique.  Both 
of  these  systems  are  potentially  useful  electrode  materials. 

The  research  on  electrolytes  for  fuel  cells  involves  studies  of  a 
relatively  new  type  electrolyte,  71! u03*  2W03 . This  material  was  synthesized 
from  bismuth  nitrate  and  tungstic  acid.  The  powders  were  pressed  and  sintered 
and  the  resulting  composition  identified  by  x-ray  diffraction.  The  oxygen  ion 
conductivity  of  this  material  has  been  reported  to  be  an  order  of  magnitude 
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higher  than  that  of  calc ia  stabilized  zirconia,  and  work  is  continuing  on 
preparation  techniques  for  different  stoichiometries  prior  to  carrying  out- 
transport  measurements . 

The  classical  oxygen  ion  electrolyte,  calcia  stabilized  zirconia, 
has  been  studied  extensively,  but  there  have  been  questions  raised  concerning 
the  effect  of  oxygen  leaking  via  the  gas  phase  from  one  electrode  to  the 
other.  Accordingly,  the  partial  conductivities  of  electrons  and  electron 
holes  have  been  redetermined  under  experimental  conditions  which  blocked  such 
oxygen  gas  transport.  The  partial  conductivities  exhibited  a dependence  on 
oxygen  pressure  of  ± 1/4  as  predicted  by  theory. 

The  cuprous  halides  have  been  used  as  electrolytes  in  batteries. 
However,  the  reason  for  the  high  conductivity  due  to  the  Cu+  ion  has  not 
been  ascertained  although  such  information  would  be  of  tremendous  help  in 
choosing  other  electrolytes.  Accordingly,  neutron  diffraction  techniques 
have  been  used  to  obtain  the  cation  radial  pair  density  function  in  y-CuCl. 

The  observed  structure  may  be  explained  by  a dynamic  vibrational  mode  by 
which  Cu1-  moves  to  the  faces  of  the  surrounding  tetrahedron  of  Cl".  At  the 
same  time  the  Cu*  - Cu+  nearest  neighbor  distance  remains  fixed.  These 
studies  are  continuing,  and  results  will  be  compared  to  transport  properties 
of  CuCl  already  carried  out  under  AKPA  support.  In  a related  study,  the 
ionic  and  electronic  conductivities  of  cuprous  iodide  have  been  determined. 
Results  indicate  that  the  transport  number  of  electron  holes  is  « 1(T3  and 
that  copper  (transport  number  of  almost  unity)  migrates  by  more  than  one 
mechanism  as  the  temperature  is  changed. 

The  p and  fr"  aluminas  have  assumed  tremendous  importance  in  present 
day  technology.  Crystals  have  been  obtained  primarily  from  industrial  compan- 
ies whose  interests  lay  in  refractories  and  not  pure  electrolytes.  Accord- 
ingly, a method  for  preparation  of  ultra  pure  P alumina  was  successfully 
tested.  The  advantages  of  this  method  are  twofold — high  purity  and  the 
ability  to  control  the  sodium  content. 
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Discs  of  p"  alumina  were  also  prepared  by  compacting  and  sintering. 
The  total  electrical  conductivity  of  this  synthesized  electrolyte  has  been 
measured,  and  compatible  electrode  materials  are  being  sought.  In  another 
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project  involving  the  synthesis  of  new  electrolytes,  BaO  and  Ti02  have  been 
fused  to  form  a hollaridite  phase  now  being  studied.  In  addition,  other 
Holland ites  are  being  prepared  by  sintering  and  by  crystal  growth  in  a 
hollow  cathode  furnace.  These  exploratory  studies  are  providing  valuable 
information  on  the  synthesis  and  preparation  of  new  electrolytes  of  known 
compos  it ion. 

2.  Heterogeneous  Catalysis 

Eight  batches  of  platinum  on  silica  have  been  produced  during  the 
report  period.  They  were  prepared  by  two  different  methods,  in  sintered  and 
unsintered  form  and  of  two  mesh  sizes.  The  dispersion  was  then  measured  for 
each  catalyst  utilizing  hydrogen  chemisorption  in  an  apparatus  constructed 
especially  for  this  project.  These  measurements  will  be  verified  by  two 
independent  industrial  laboratories.  The  electron  paramagnetic  resonance 
spectra  of  Pt/Si02  was  studied  in  order  to  obtain  information  on  the  effect 
of  particle  size.  The  results  show  a definite  effect  of  the  support.  A 
special  sample  holder  has  been  constructed  for  x-ray  measurements  of  the 
surface  area.  The  system  has  been  checked  out  with  activated  charcoal,  and 
the  measurement  and  data  processing  steps  automated.  Measurements  on  the 
silica  gel  support  have  begun. 

An  apparatus  to  study  the  isotopic  exchange  between  cyclopentane  and 
deuterium  has  been  constructed.  This  reaction  is  sensitive  to  the  size  and 
structure  of  the  metal  particles.  A flow  reactor  has  also  been  constructed 
and  put  into  operation  to  study  a reaction  that  is  insensitive  to  structure, 
namely,  the  hydrogeno lysis  of  cyclopropane.  Using  this  reactor,  the  activity 
of  one  of  the  catalysts  was  determined  from  -12°C  to  22°C.  The  turnover 
number  and  activation  energy  were  also  determined.  Similar  measurements  are 
currently  being  made  on  the  other  three  Pt/Si03  catalysts  in  the  series. 

3.  Maximization  of  Electret  ’ ffect  in  Polyacrylonitrile  Films 

Permanent  electrical  polarization  in  PAN  films  is  due  to  at  least 

four  sources,  whose  relaxations  can  be  observed  in  TSD  curves  as  a,  p,  y and 
6 peaks.  The  p peak  is  thought  to  be  associated  with  partial  loss  of  pre- 
ferred orientation  of  dipoles  in  paracrystalline  domains,  while  the  a peak 
appears  to  originate  from  disorientation  of  dipoles  in  amorphous  regions. 
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This  a peak  is  two  orders  of  magnitude  stronger  than  the  p peak  and  suggests, 
therefore,  that  polarization  within  PAN  resides  largely  in  disordered  regions. 
It  appears,  also,  that  this  polarization  is  due  to  fairly  extensive  structures 
involving  large  numbers  ol  individual  dipoles.  This  proposition  i.s  supported 
by  such  oh.' creations  as  1)  the  enhancement  of  birefringence  due  to  polariza- 
tion across  the  thickness  of  these  films  is  uniform,  2)  the  activation  energy 
of  the  ct  relaxation  is  sufficiently  large  that  cooperative  motions  about 
several  interatomic  bonds  must  be  considered  as  the  elemental  mechanism  rn 
its  depolarization,  and  b)  its  polarization  can  be  reversed  in  sign  even  by 
poling  at  temperatures  substantially  below  those  at  which  this  polarization 
will  relax  to  zero.  Note:  This  "switching1*  effect  might  be  a very  useful 

piopctty  lor  exploitation  in  future  electronic  devices.  Furthermore , the 
fact  that  no  change  in  interactomic  packing  can  be  detected  in  polarized  films 
might  actually  be  evidence  for  a polarization  domain  structure.  This  would 
mean  that  unpolarized  films  would  have  domains  whoso  orientations  and  mass 
fractions  arc  such  that  there  may  or  may  not  be  a measurable  bulk  polariza- 
tion, but  application  of  an  external  electric  field  would  bias  these  orien- 
tations and  amounts  to  giving  the  resulting  levels  a residual  polarization. 
Thus,  PAN  need  not  acquire  a new  kind  of  interatomic  packing;  rather,  the 
material  would  simply  have  to  adjust  its  domains  to  exhibit  a permanent 
electrical  polarization.  More  work  both  of  an  experimental  and  theoretical 
nature  needs  to  be  done  to  explore  these  possibilities. 

4.  Mechanical  Properties  of  Composition  Modulated  Toils 

Extensive  numerical  calculations  have  been  carried  out  to  obtain  the 
proper  expression  for  the  strain  generated  in  a "bulged"  foil,  and  an  exact 
solution  has  been  obtained.  The  correction  required  to  allow  for  the  strong 
(111)  texture  in  the  samples  has  also  been  calculated.  Those  results  have 
been  utilized  to  analyze  data  obtained  in  a closely  related  study  of  Cu-Ni 
foils.  Several  attempts  to  evaporate  Cu-Pd  modulated  foils  have  been  un- 
successful. fhis  project  will  therefore  bo  pfiased  out  of  the  current 
program. 
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II.  RESEARCH  RETORTS 


A . Materials  for  Energy  Storage 
Faculty: 

D.  II.  Whitmore,  Professor,  Materials  Science,  Group  Leader 
D.  L.  Johnson,  Professor,  Materials  Science 
L.  II.  Schwartz,  Professor,  Materials  Science 
J.  B.  Wagner,  Professor,  Materials  Science 
L.  B.  Welsh,  Assistant  Professor,  Physics 

Research  Staff: 

W.  Jakubowski,  Visiting  Scholar 

H.  M.  Lee,  Postdoctoral  Research  Associate 

P.  Raychaudhuri,  Postdoctoral  Fellow 

W.  A.  Spurgeon,  Visiting  Scholar 

T.  Wada,  Visiting  Scholar 

W.  Wahnsiedler , Visiting  Scholar 

Graduate  Students: 

D.  Bouchon 
D.  Girard 
T.  Jow 

B.  J.  Mueller 
J.  Sch reurs 

1.  Electrolyte  Materials  for  Fuel  Cell  Applications 

a.  Transport  Measurements  in  Ca -Stabilized  Zr02  at  Elevated 
Temperatures 

In  an  earlier  investigation  by  Patterson  et  al  (Al)  of  partial 
conductivities  of  Ca-stabilized  ZrOa  utilizing  a d-c  polarization  teclmique 
a blocking  electrode  was  coated  on  one  side  of  the  electrolyte  sample  and  a 
reversible  electrode  (various  equilibrium  metal/oxide  mixtures)  was  placed 
contact  with  the  opposite  side.  Heyne  (A2)  objected  to  such  a cell  configu 
ration  on  the  basis  that  an  interfering  process  may  take  place  at  the  free 
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sides  of  the  sample  (those  on  which  no  blocking  electrode  material  was 
present  to  close  off  the  surrounding  gas),  thereby  disturbing  the  uniformity 
of  the  gradients  inside  the  sample  through  the  exchange  of  oxygen  with  the 
surrounding  gas  atmosphere.  If  this  were  to  occur,  lleyne  argues  that  the 
partial  current  observed  in  the  final  stationary  state  may  not  depend  solely 
on  the  applied  voltage  but  also  on  the  oxygen  exchange  rate  at  the  free 
surfaces  of  the  electrolyte  sample. 

Because  of  the  aforementioned  possibility  occurring  in  the  ex- 
periments of  Patterson  et  al  (Al)  which  casts  some  doubt  on  their  findings, 
studies  were  undertaken  to  redetermine  the  partial  conductivities  of  holes 
(o^)  and  electrons  (ac)  in  Ca -stabilized  ZrCk  using  a dc  polarization  cell 
in  which  precautions  were  taken  to  coat  all  the  surfaces  but  one  with  the 
blocking  electrode  material  (Pt)  to  prevent  oxygen  exchange  between  the 
electrolyte  and  the  gas  phase.  Towards  that  end,  all  surfaces  of  the  elec- 
trolyte sample  except  one  were  coated  witli  platinum  paste  and  then  fired  at 
1000°C  for  several  hours.  To  insure  a nonporous  electrode  coating  on  these 
surfaces,  the  procedure  was  repeated,  and  finally  a Pt  cup  was  positioned 
over  them  and  the  sample  fired  again  to  accomplish  a strong  and  nonporous 
bond  between  the  Pt  paste  and  the  cup. 

Initially,  metal/metal  oxide  mixture  electrodes  were  employed  as 
the  reversible  electrodes  for  the  cell,  contact  was  made  between  this  elec- 
trode and  the  uncoated  surface  of  the  electrolyte  sample  and  the  sample  was 
heated  to  temperatures  in  the  range  900°  to  1200°C  in  a stream  of  purified 
argon.  The  partial  conductivity  results,  so  obtained,  were  in  good  agreement 
with  those  of  Patterson  et  al.  Next,  the  same  polarization  cell,  but  without 
the  metal/metal  oxide  electrode,  was  placed  in  a stream  of  metered  C0/C02  gas 
mixture.  With  this  latter  configuration,  the  was  maintained  constant  at 
the  bare  (uncoated)  surface  of  the  electrolyte  sample  since  all  of  the  re- 
maining surfaces  were  blocked  with  respect  to  the  surrounding  gas  phase. 

The  results  obtained  witli  the  aid  of  this  latter  cell  were  compared  with 
those  obtained  with  the  metal/metal  oxide  reversible  electrode,  and  it  was 
found  that  the  reproducibility  of  the  data  was  better  when  relatively  thick 
electrolyte  samples  were  employed. 
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Analysis  and  plotting  of  the  polarization  data  from  the  present 
experiments,  accomplished  by  using  the  Wagner  equations  and  the  plotting 
method  outlined  by  Patterson  ct  al.  (Ali,  yielded  a0  and  0Q  values  over  the 
temperature  range  900°  to  120(K>c  and  a wide  range  of  p^ . The  partial  con- 
ductivity results  exhibited  the  usual  Pq^4  dependence.  Combining  data  for 
the  total  conductivity  of  the  electrolyte  with  that  for  the  partial  conduc- 
tivities allows  an  estimation  to  be  made  of  the  range  of  p^  for  satisfactory 
operation  of  Ca-stabilized  Zr02  as  a solid  electrolyte  at  temperatures  from 
900°  to  ] 200°C . 

b.  Study  of  the  Sintering  Characteristics  of  the  Compound 

7P,i203-  2W03 

It  was  recently  reported  by  Tnkahaski  and  Iwahara  (A3 ) that  the 
ionic  compound  7BiaCLj*2W0b  exhibited  an  oxygen  ion  conductivity  at  least  an 
order  of  magnitude  higher  than  that  of  the  widely-known  oxygen  ion  conductor, 
stabilized  zirconia.  This  compound  wa?  synthesized  at  Northwestern  by  cal- 
cining bismuth  nitrate  at  700 ^C  for  two  hours  to  convert  it  to  the  oxide, 
milling  it  with  tungstic  acid  and  calcining  the  resulting  mixture  for  ten 
hours  at  750  C.  X-ray  diffraction  powder  patterns  indicated  that  the  powdei , 
so  prepared,  was  the  desired  phase.  Cold  pressing  this  powder  at  25,000  psi 
in  an  isostatic  press  yielded  a compact  with  67%  density. 

An  organic  precusor  approach  is  also  being  investigated  for 
preparation  of  highly  s inferable  chemically  homogeneous  powders.  This  method 
was  originally  developed  to  produce  BaTi03  (A4),  but  can  be  adapted  to  many 
oxide  systems.  Soluble  salts  of  the  cations  are  dissolved  in  a solution  of 
citric  acid  in  ethylene  glycol.  Stoichiometry  of  mixed  oxides  can  be  accu- 
rately controlled  by  preparing  separate  solutions  of  each  of  the  cations. 
After  mixing  to  the  proper  proportions,  the  solution  is  heated  to  remove 
excess  solvent,  resulting  in  an  organic  glass  containing  the  metallic  ions 
in  solution.  This  is  then  calcined  at  ~ 650°C  to  decompose  the  glass  and 
drive  off  the  organic  constituents.  A fine  particle  size,  highly-s inferable , 
chemically  homogeneous  oxide  powder  results.  Sintering  tempcratuics  are 
typically  much  lower  than  possible  with  conventional  powders,  resulting  in 
less  loss  of  volatile  constituents. 
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2.  Electrolyte  Materials  Tor  Buttery  Applications 

a.  Structure  Study  of  the  Solid  Electrolyte  y_0uC1 

The  cation  radial  pair  density  function  lias  been  studied  to  gain 
insight  into  the  mechanism  governing  the  high  cationic  mobility  in  CuCl, 
taken  here  as  a prototype  for  halide  ionic  conductors.  Three  samples  of 
•y-CuCl  ( 1 '43 m ) have  been  prepared  with  different  isotopic  composition  of  the 
Cu-cornponent:  99.7%  Cu-63,  natural  Cu,  and  99.7%  Cu-65.  Powder  neutron 

diffraction  patterns  were  taken  at  25°C  and  at  366°C  up  to  sin  0/\  = 0.8  A 1 . 
The  Fourier  Transform  of  the  coherent  differential  scattering  cross  section 
curves  is  a known  function  of  the  radial  pair  density  functions  for  CuCu, 

CuCl  and  C1C1.  Trom  the  positions  of  the  atoms  in  the  unit  cell,  two  tem- 
perature factors  and  a series  of  coupling  factors,  one  can,  witli  a gaussian 

broadening,  calculate  the  radial  density  functions  generated  by  the  model  (A5). 
The  model  at  the  basis  of  the  fit  remains  the  sphalerite  structure.  A least- 
squares  fitting  procedure,  with  calculated  termination  error,  reveals  a 
striking  difference  between  the  CuCu  and  the  C1C1  partial  densities:  the 

C1C1  curves  show  well  resolved  density  peaks  out  to  large  distances  while  the 
CuCu-curves  exhibit  only  one  main  maximum,  followed  by  rapidly  damped  oscil- 
lations about  the  average  density.  A comparison  between  integrated  intensity 
analysis  (II)  and  radial  density  analysis  (RD)  shows  that  the  incorporation 
of  the  diffuse  scattering  in  the  latter  affects  primarily  the  temperature 
factor  of  the  Cu-atom.  With  d = first  neighbor  distance,  6 -•  (u3)2/d  at  25°C 
is  found  to  be  0.17  for  Cu  and  0.11  for  Cl  (II)  or  0.26  for  Cu  and  0.11  for 

Cl  (RD).  The  values  at  366°C  are  found  to  be  0.29  and  0.15  (II)  or  0.41  and 

0.18  (RD).  A model  calculation  shows  that  the  observed  structure  may  be 
explained  by  a dynamic  vibrational  mode  which  takes  Cu  ions  to  the  faces  of 
the  surrounding  tetrahedron  of  Cl  ions,  always  maintaining  the  Cu-Cl  nearest 
neighbor  separation  fixed.  The  highly  correlated  nearest  neighbor  vibration 
implied  by  this  model  is  consistent  with  the  low  first  neighbor  coupling 
parameter  obtained  when  the  Kaplow  et  al  analysis  (A5 ) is  applied  to  the 
data.  Studies  are  continuing  to  confirm  that  all  the  diffuse  scattering  is 
indeed  inelastic  as  implied  by  the  model. 
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b.  Electrical  Properties  of  Cul 

The  cuprous  halides  are  knovm  to  be  predominantly  ionic  con- 
ductors with  the  transport  number  for  copper  being  nearly  unity.  Very  little 
is  known  about  the  behavior  of  these  electrolytes  when  they  are  subjected  to 
a bias  voltage,  especially  a transient  voltage.  In  analogy  to  previous  work 
on  cuprous  chloride  (A6),  the  electrical  properties  of  Cul  have  been  studied. 
A symmetrical  cell,  Cu  | Cul  | Cu  was  assembled  using  5N  cuprous  iodide 
powder  which  was  hydrostatically  pressed  under  45,000  psi.  The  resulting 
compacts  were  sectioned  into  right  cylinders  and  sandwiched  between  two  5N 
copper  electrodes.  Using  a conventional  ac  bridge,  the  total  conductivity 
was  measured  between  100°  and  450°C.  When  an  Arrhenius  plot  of  conductance 
versus  temperature  was  made,  the  resultant  curve  suggests  that  copper  might 
be  migrating  by  more  than  one  mechanism,  i.e.,  more  than  one  defect  may  be 
operative.  The  calculated  conductivities  vary  from  about  10" 1 CT1  cm-1  at 
450°  to  5 x icr6  rr1 


cm 


,-i 


at  100°C.  In  order  to  determine  the  electronic 


conductivity  (the  electronic  leakage  in  a predominantly  ionic  conductor),  an 
asymmetric  cell  of  the  form  Cu  | Cul  | graphite  was  assembled.  The  cell  was 
biased  by  a voltage  E which  was  always  much  less  than  the  decomposition 
voltage,  the  left  hand  side  being  the  regative  pole.  Under  these  conditions, 
C.  Wagner  (A7)  has  shown  that  the  electronic  current,  Ielec,  under  steady 
state  conditions  is  given  by 


where 


Ielec  r©  + ^ 

= [1-exp  (-EF/RT)] 

+ 0°  [exp  (EF/RT)  -l]}  , 

1^  = current  in  amps  due  to  electrons , 

= current  in  amps  due  to  electron  holes , 

R = gas  constant  in  joules/cq-deg, 

T = temperature  in  °K, 

A = cross  sectional  area  of  sample  in  cnf 
L = length  of  sample  in  cm, 

F = Faraday’s  constant, 


and 


E 


conductivity  due  to  electrons  and  electron  holes 
respectively  in  MX  equilibrated  with  M 
bias  voltage. 


Under  the  conditions  of  the  present  experiments,  ag  » ag;  thus,  who;. 
E » F/RT 


Ieloc  = 1®=0®[“P<tEF/Kr)]  ■ 


The  present  experiments  have  shown  that  at  352  'C,  a plot  of  log  1^  versus  E 
yields  a straight  line  of  slope  F/RT  in  agreement  with  the  above  equation. 
Moreover,  the  intercept  at  zero  voltage  yields  a value  of  ==  Iff'4'-  The 
total  conductivity  is  given  by, 


o°  (total)  = o°  (ionic)  + o°  (electronic)  - o?  + a°  . 

At  temperatures  between  350°  and  400oc,  a?  » ag  so  that  o°  (total)  sr  a?. 
Therefore,  tiic  transport  number  for  electron  holes  is  approximately  equal  to 
(o°  (total) /eg)  = (lCT4/5  x 1(T2)  = 2 x Iff*3.  Thus,  Cul  may  be  used  as  a 
solid  state  electrolyte. 

At  low  temperatures  plots  of  log  Igj  versus  E are  linear,  but  the 
theoretical  slope  of  F/2.3RT  is  not  observed.  The  slopes  are  lower  than 
predicted.  Moreover,  as  the  voltage  is  increased  (although  still  below  the 
decomposition  voltage),  there  is  an  abrupt  change  in  the  curve,  and  the 
slope  decreases.  Both  these  results  suggest  that  electronic  leakage  becomes 
more  pronounced  under  these  conditions.  Studios  are  underway  to  clarify 
this . 

When  a transient  voltage  is  applied  to  an  electrolyte,  three 
processes  may  occur.  These  are  (l)  redistribution  of  electron  c carriers 
within  the  electrolyte,  (2)  charging  or  discharging  of  a double  layer  capaci- 
tance at  the  electrolyte  inert  electrode  [e.g.,  Cul  | graphite]  interface  and 
(3)  diffusion  of  a component  into  the  inert  electrode.  In  the  present- 
studies,  attcnlion  is  being  directed  to  items  (1)  and  (2).  Inasmuch  as 
copper  is  virtually  insoluble  in  graphite  at  these  temperatures,  diffusion 
into  the  graphite  can  be  neglected. 
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A double  cell  consisting  of  Cul  samples  of  differing  lengths  bi_t 
of  identical  cross  sectional  areas  has  been  assembled.  Each  sample  is  sand- 
wiched between  copper  and  graphite.  A steady  state  voltage  is  applied  t< 
both  samples  of  Cul  at  the  same  time.  Then  the  voltage  is  abruptly  changed 
to  a second  voltage  C2 . The  time  to  redistribute  the  electron  holes  is 
monitored  in  each  sample.  The  charge  transferred  depends  on  the  volume  of 
the  samples  and,  hence,  their  lengths.  On  the  other  hand,  the  double  layer 
capacitance  depends  only  on  the  cross  sectional  area.  By  using  samples  of 
differing  lengths,  the  contribution  due  to  double  layer  capacitance  can  be 
separated  from  that  due  to  the  redistribution  of  the  electronic  carriers. 

A Data  General  Nova  computer  has  been  interlaced  with  the  voltage  and  current 
sensing  devices,  and  programs  have  been  written  to  acquire  and  process  the 
data.  Preliminary  data  have  been  obtained  on  the  double  layer  capacitance, 
and  log  I versus  time  plots  appear  linear  as  would  be  expected  from 


I(t) 

_ T -t/RC 
= Xo  G 

where 

I(t ) 

= time  dependent  electronic  current, 

t 

= 1:  ime , 

R 

= Res istancc 

and 

C 

= double  layer  capacitance 

Measurements  are  being  continued. 

c.  Holland ite  Phases  Based  on  Ti02 

Work  has  begun  on  new  materials,  based  on  rutile,  which  possess 
the  hoLlandite  structure.  This  structure  has  two  channel  sites  per  formula 
unit  and  contains  a large  concentration  of  vacancies,  with  the  result  that 
high  mobilities  for  alkali  or  alkaline  earth  ions  along  the  channels  are 
expected.  Direct  fusion  of  BaO  and  Ti02  in  our  laboratories  produced  a Ba 
hollandite  phase  which  was  invariably  bluish-black  in  color  and  was  a good 
electronic  conductor  due  to  the  presence  of  Ti  ions  in  two  different  valence 
states.  However,  the  electronic  component  of  the  electrical  conductivity 
can  be  suppressed  by  introducing  Mg~+  ions  as  an  isomorphous  substitute  for 
Xi4+  ions  in  the  host  lattice.  The  Bax (Ti8_x Mgx )0l6  [0.6  s x s 1.14] 


compounds  produced  in  this  manner  possess  a channel  structure  formed  by  a 
host  framework  ( TiB_x Mgx  )016  , with  the  Ba2+  ions  occupying  some  of  the 
available  lattice  sites  within  the  tunnels. 

Polycrystalline  holland ites  were  also  synthesized  from  high- 
purity  oxides  and  carbonates  by  a solid  state  reaction  at  1200 5C  as  suggested 
by  Singer  eh  al  (AS).  Increasing  the  sintering  temperature  to  1400°C  yielded 
black  samples  possessing  relatively  high  electrical  resistivities.  These 
holland ite  phases  were  found  to  be  stable  when  heated  in  air  to  temperatures 
of  ~ 900  ’C. 

Because  the  aforementioned  Ba  holland ite  melts  ineongruently  at 
1450°C.,  it  is  essential  that  single  crystals  of  this  material  be  grown  in  a 
slightly  reducing  atmosphere.  Attempts  are  now  being  made  to  prepare  single 
crystals  of  the  Ba  hollandites  using  pressed  and  sintered  rods  of  this  phase 
as  the  starting  material  and  a hollow  cathode-plasma  beam- floating  zone 
method.  In  this  method,  the  two  sintered  rods  are  joined  through  the  crea- 
tion of  a molten  zone  within  the  hollow  cathode,  and  this  narrow  molten  zone 
is  passed  up  and  down  the  length  of  the  joined  rods  by  translation  of  the 
rod  specimen  through  -the  cathode,  thereby  producing  a single  crystal  several 
inches  long.  Very  preliminary  experiments  have  demonstrated  that  it  is  in- 
deed possible  to  melt  a Ba  hollandite  material  with  this  method,  maintain 
the  molten  zone  for  > \ hour  and  pass  this  zone  over  a length  nf  a few 
centimeters . r 

d.  Synthesis  of  Ultra-Pure  (3-Alumina 

It  is  now  generally  recognized  that  sodium  (3-alumina  is  the  best 
of  the  presently  available  electrolyte  materials  for  high-performance,  re- 
chargable  battery  applications.  Yet  little  is  known  about  the  role  impuri- 
ties play  in  controlling  the  ionic  conductivity  in  this  material.  Accordingly, 
to  investigate  such  effects  it  seems  desirable  to  first  prepare  ultra-pure 
(3 -alum inn  and  then  systematically  dope  this  material  with  various  impurities 
and  determine  their  influence  on  the  ionie  transport  properties. 

We  have  elected  to  prepare  ultra -pure  (3  -alumina  from  the 
appropriate  metal  alkoxides  by  the  method  developed  by  Mazdiyasni  et  al  (A9). 
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In  this  method,  the  aluminum  isopropoxide  is  prepared  by  the  following 
reaction: 

oo  op 

A1  v IlgCL,  + 3 0311,011  -°“„  > A1(0C,  II-  ) I llg  1 MCI 

Co '%  3 

The  isopropoxide  in  benzene  is  removed  under  reduced  pressure  and  the  product 
is  purified  by  recrystallization  from  C3 11,011.  The  akloxides  react  rapidly 
with  traces  of  water  tu  form  alkyl  nlkoxides  according  to  the  reaction: 


A1(0C3  II,  )3  + H20  - A10(0L  II,  ) + 2 C3 11,011 


The  alkoxide  is  then  decomposed  to  the  oxide  according  to  the  reaction: 

2 A10(0C3H,  ) - AI2O3  t (C3  b,  -O-C3 IL,  ) 

All  reactions  can  La  carried  out  in  the  common  solvent  benzene.  Since  sodium 
(as  well  as  magnesium)  also  forms  an  alkoxide,  it  is  possible  to  mix  the 
aluminum  and  sodium  alkoxides  in  the  right  proportions  to  form  Na20*  11  AL^ 
(Na  (3-alumina). 

This  method  has  the  following  advantages:  (1)  the  mixture  can 

be  produced  with  excellent  homogeneity',  (2)  the  mixture,  which  consists  of 
submicron  size  powder,  can  be  sintered  at  unusually  low  temperatures  to  yield 
sodium  ^-alumina  of  nearly  theoretical  density  and  (3)  the  hydrous  mixture 
can  be  fabricated  into  numerous  interesting  forms. 

e.  Measurements  of  the  Total  Conductivity  of  -alumina  is  rhombo- 
hedral  with  space  group  R3m  and,  except  for  a c-axis  that  is  1.5  times  as 
large,  is  similar  to  P -alumina.  However,  in  contrast  to  3-alumina  which  has 
two  11  A spinel  blocks  related  by  a two-fold  screw  axis  parallel  to  the 
c-axis,  3 -alumina  has  three  11  A spinel  blocks  related  by  a three-fold  screw 
axis.  As  in  the  case  in  3-alumina,  the  spinel  blocks  are  held  apart  by 
A1-0-A1  bonds,  and  all  of  the  Na+  ions  are  contained  in  the  planes  (the 
"channels”)  between  the  spinel  blocks. 

Thus,  3 ^ -alumina  possesses  two-dimensional  channels  partially 
filled  with,  e.g.,  a monovalent  cation  like  Na+  , a situation  which  is  likely 
to  lead  to  exceptionally  rapid  migration  of  these  cations  within  the  channels 
at  temperatures  at  or  near  the  ambient.  Indeed,  preliminary  experiments 
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using  Pt  electrodes  indicate  that  the  ionic  resistivity  of  p/ -alumina  is 
lower  than  that  of  P-alumina  at  temperatures  ranging  from  300°  to  800GK. 

Because  polarization  occurs  at  the  Pt  electrodes  applied  to  a 
P -alumina  sample  even  at  frequencies  as  high  as  those  in  the  low  MHz  range, 
it  was  decided  to  measure  the  conductivity  ol'  {}" -alumina  samples  with  the 
aid  of  electrodes  which  are  reversible  both  to  electrons  and  the  mobile 
cations  in  the  p/ -alumina  sample  (usually  Na+  ions  in  our  samples).  The 
reversible  electrode  material  should  display  a reasonably  rapid  diffusivity 
of  the  cation  species  in  question,  possess  a high  electronic  conductivity, 
be  chemically  inert  towards  the  sample,  have  a wide  range  of  nonstoichiometry 
if  it  is  a compound  phase  and  exhibit  alL  these  properties  over  a wide  range 
of  temperatures  and  partial  pressures  of  tiie  sample's  components.  Sodium 
tungsten  bronze  [NaxWOa  where  x < 0.4]  with  the  tetragonal  I structure  has 
been  found  to  be  a reversible  electrode  material  when  applied  to  a sodium 
3 -alumina  sample  (A10).  Because  of  this  finding,  polycrystalline  samples  of 
the  tetragonal  W03  were  synthesized  for  use  as  reversible  electrodes  with 
sodium  p" -alumina  by  reacting  Na2W02  , W03  and  W together  in  the  correct 
proportions . 

Discs  of  sodium  p" -alumina  were  prepared  by  mixing  Al^  powder 
with  Na2 C03  and  small  concentrations  of  Zr02  and  MgO,  compacting  and  sinter- 
ing this  at  1000  C.  The  additives  Zr02  ^nd  MgO  were  found  to  improve  the 
s interability  of  the  p -alumina  compact.  The  total  conductivity  measurements 
now  underway  on  such  samples  employ  a Wuyne-Kerr  ac  Universal  Bridge  and  a 
constant  frequency  of  1?92  Hz.  A standard  two-probe  method  was  used  to 
measure  the  conductivity  of  the  sample  which  was  heated  in  a closed  sample 
chamber  through  which  a stream  of  purified  helium  gas  flows.  Our  preliminary 
results  indicate  that  a thin  dielectric  layer  forms  on  the  surfaces  of  the 
sodium  p -alumina  sample  which  have  been  in  contact  witli  the  tungsten  bronze 
electrodes;  this  layer  undoubtedly  results  from  a reaction  between  the  elec- 
trodes and  the  sample  and  undoubtedly  gives  rise  to  spurious  conductivity 
results.  Accordingly,  other  reversible  electrode  materials  will  be  sought. 
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3.  Electrode  Materials  for  Battery  Applications 
a.  Alkali  Holland ite  Iliases 

Some  alkali  Holland  it  2 phases  (alkali  metal  = K,  Rb,  Cs)  have 
been  prepared  by  the  reduction  of  an  alkali  titanate  at  1000'  C.  The  resulting 
compounds  were  intensely  blue-black  in  color  and  possessed  the  following 
properties  which  make  them  attractive  candidates  as  electrode  materials  in  a 
high-performance,  rechargeable  battery  system:  (1)  a wide  range  of  nonstoi- 

chiometry so  that  it  can  act  as  both  a source  and  sink  of  the  alkali  ions; 

(2)  it  exhibits  fast  transport  of  the  alkali  ions;  (3)  it  possesses  a high 
electronic  conductivity  and  (4)  it  is  chemically  inert  towards  most  solid 
electrolytes.  We  are  in  the  process  of  evaluating  the  diffusivity  of  Na+  ions 
in  this  material  by  N'MR  line-narrowing  techniques. 


b.  Thermodynamic  Study  of  Cubic  Tijigsten  bronze  by  the  CHI’  Method 
The  tungsten  bronzes  are  a group  of  nonstoichiomotric  compounds 
that  possess  the  genera]  formula  M^WOg , where  M is  usually  a monovalent  cation 
and  x lies  between  0 and  1.  These  compounds  are  good  electrical  conductors, 
exhibit  a variety  of  structures,  and  are  potential  electrode  materials  for 
solid-state  batteries..  Since  there  is  a dearth  of  thermodynamic  data  for 
these  materials,  an  attempt  v:as  made  here  to  measure  the  partial  molar  thermo- 
dynamic properties  for  \a  in  \'n, W03  bronzes  employing  the  EMr  method  with 
pyrex  glass  as  the  solid  electrolyte. 


Single  crystals  of  ha* W03  samples  were  prepared  by  electrolysis 
of  a fused  mixture  of  Na2 W03  and  W03  in  an  alumina  crucible  at  about  800'C 
wit. 1 platinum  electrodes.  Crystal  growth  occurred  on  the  cathode,  and  current 
densities  of  about  20  mA/cm2  yielded  the  best  crystals.  Urge  single  crystals 
were  obtained  by  using  a seed  crystal  over  the  end  of  the  cathode.  A good 
portion  of  each  crystal  was  crushed  and  the  bronze  powder  was  used  as  a 
sample  in  the  cell  described  below. 


Sodium  activities  were  determined  by  emf  measurements  on  cells  of 

the  type 


W | NaCl  + CdCIa  | pyrex  glass  | Na^U,  | Pt 
in  which  a pyrex  glass  tube  acts  as  the  solid  electrolyte.  A mixture  of 
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NaCl  (40  m/ o ) and  CdCl2  was  cmployod  ns  the-  reference  electrode  since  this 
mixture  exhibits  ideal  mixing  behavior.  The  specimen  to  be  measured  was 
packed  in  a capillary  tube  in  which  a platinum  wire  had  been  sealed;  in  turn, 
this  capillary  tube  was  sealed  within  a tube  of  pyrex  glass  to  prevent  the 
loss  of  sodium  during  the  course  of  the  measurements.  The  temperature  range 
covered  was  4 00  to  600'' ‘C , the  cell  emf  being  stable  over  this  range.  Above 
600 'C.  the  emf  fluctuated  and  the  pyrex  glass  tube  swelled  due  to  the  fact 
that  the  softeninc  point  of  the  glass  had  been  exceeded. 

After  loading  the  specimen  into  the  cell,  the  cell  was  maintained 
at  550  *0  for  several,  days  to  homogenize  the  bronze.  The  open-circuit  voltage 
was  measured  with  the  aid  of  a digital  voltmeter.  After  the  measurements, 
the  cell  was  broken  open,  and  the  sample  was  chemically  analyzed  for  its 
sodium  content.  The  composition  of  the  sample  was  determined  from  x-ray 
lattice  parameter  measurements. 

The  measured  emf  (I!)  is  given  by  the  relation: 

E . .51m  ^ 

1 a' 

Mn 


where  n'Q  is  rue  activity  of  sodium  in  NaxW03  and  a"fl  the  activity  of  sodium 
in  NaCl*  + CdCl2  mixture.  The  partial  molar  entropy,  enthalpy  and  free  energy 
of  Na  in  Nax W03  are  calculated  from  standard  thermodynamic  relationships. 

The  results  are  shown  in  Table  A-l  below. 

The  partial  molar  free  energy  of  Na  in  the  bronze  has  been  observed 
to  be  a linear  function  of  temperature  over  the  range  400°  to  600°C;  accord- 
ingly, the  partial  molar  enthalpy  and  entropy  of  Na  are  independent  of  tem- 
perature over  this  range.  Moreover,  it  lias  been  found  that  these  latter 
thermodynamic  quantities  become  more  negative  as  the  sodium  content  of  the 
bronze  decreases. 
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tabu:  a-i 

Partial  Molar  rhermodynnmic  Quantities  as  a Function  of  Composition 
for  Cubic  Sodium  Tungsten  Bronzes 


Compos  it  ion 

-All,,,  (cal /mole) 

Nil 

-AS.,,  (cal /mole -deg.  ) 
Nil 

Na0.8W,,3 

9,600 

21.0 

Nn0.7W°3 

10,800 

21  .5 

Na0.4W°3 

17,850 

28.0 
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Supported  catalysts,  i.e.,  materials  in  wliieli  a relatively  small 
amount  of  catalytic  ingredient  is  supported  upon  a carrier  which  is  usually 
of  large  surface  area,  are  widely  used  industrially.  Platinum  on  silica  and 
plat  mum  on  alumina  are  examples  of  such  catalysts.  There  is  still  consider- 
able uncertainty  as  to  the  effect  of  the  support  and  of  the  particle  site  of 
the  active  ingredient  on  the  catalytic  activity.  The  objective  of  this 
project  is  to  contribute  tc  un  understanding  of  those  catalysts. 

A variety  of  supported  catalysts  arc  vo  ho  prepared,  characterised 
by  physical  techniques,  and  the  results  of  several  reactions  upon  the  cata- 
lysts studied.  The  first  objective  is  to  ascertain  the  effect  of  the  method 
of  Preparation  of  a given  catalyst  on  the  catalytic  behavior  as  well  as  the 
effect  of  various  particle  sites  of  the  catalytic  ingredient.  In  later  work 
tic  0 feet  of  various  supports  will  lie  investigated.  It  is  hoped  that 

correlations  among  all  these  data  will  provide  some  insight  into  the  nature 
of  supported  catalysts. 


21 


1.  Catalyst  Preparation 

The  first  system  investigated  wa  = platinum  on  silica.  Davison  wide- 
pore  silica  gel  grade  c>2  was  sieved  and  then  treated  with  dilut'1  nitric  acid, 
washed  and  dried.  Hat  dies  of  Pt  SiOa  were  prepared  hy  two  different  methods 
and  a portion  of  each  batch  sintered,  furthermore,  catalysts  were  duplicated — 
one  set  on  70-80  mesh  silica  gel  and  the  other  on  120-140.  'I Vo  mesh  sizes  of 
catalysts  are  needed  to  determine  whether  rates  are  influenced  by  diffusion. 
Light  samp  Los  of  catalyst  were  tiius  produced,  of  two  different  preparations, 
both  sintered  and  unsintered  and  of  two  mesh  sizes. 

2.  Physical  Characterization 

The  catalyst  samples  were  then  characterized  as  thoroughly  as 
possible  by  physical  techniques.  Dispersion  (the  ratio  of  surface  atoms  of 
platinum  to  the  total  number  of  atoms  of  platinum  in  %)  was  first  measured 
by  hydrogen  chemisorption.  This  procedure  involves  the  assumption  that  one 
hydrogen  atom  is  strongly  chemisorbed  at  25  C on  the  clean  catalyst  per  sur- 
face atc:n.  An  apparatus  was  constructed  to  measure  this  property.  Helium  is 
first  used  to  purge  the  catalyst  of  hydrogen.  Pulses  of  hydrogen  are  then 
injected  which  pass  over  the  catalyst  and  are  measured  catharomotrically . 

Neon  is  used  as  the  carrier  gas  during  this  stage  since  helium  and  hydrogen 
have  nearly  the  same  thermal  conductivity.  The  apparatus  gives  excellent 
reproducibility;  the  dispersions  of  all  of  the  catalysts  have  been  measured. 

The  results  are  shown  in  Table  B-l.  Since  it  is  essential  to  know  the  dis- 
persions as  accurately  as  possible,  arrangements  have  been  made  for  two 
industrial  laboratories  to  measure  independently  the  dispersion  of  our 
samples . 

In  order  to  provide  information  on  the  effect  of  particle  size,  the 
electron  paramagnetic  resonance  spectra  of  Pt/Si02  to  which  a paramagnetic 
probe  molecule  had  been  added  was  studied.  Initial  measurements  were  made 
using  di-t -butyl  nitroxide  as  the  probe  molecule.  This  effort  was  unsuccess- 
ful because  of  the  strong  background  from  the  nitroxide  adsorbed  on  the 
silica.  However,  a very  interesting  effect  of  the  support  was  found.  The 
nitroxide  is  very  strongly  adsorbed  by  silica,  and  at  coverages  below  a mono- 
layer,  the  nitroxide  has  zero  dissociation  pressure  at  25°C.  If  hydrogen 
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TARIX  11-1 

Platinum/S  iliea  Col  Catalysts 


Method  of' 
Prepara t ion 

[mprognat ion  with 


Ion  exchange  v/itli 
^■(Nlt)/’  ’ 


Ion  exchung  ‘d 
then  sintered 


Mesh  of 
Si0a 

I dent  i fy  iug 
Number 

Pt  Content 
wt .% 

Dispersion 

% 

Amount 
in  g. 

70-80 

65 

1.10 

43.1 

300 

120-140 

66 

1.17 

40.7 

200 

70-80 

89 

1.97 

7.1 

300 

120-140 

88 

1.91 

7.2 

200 

70-80 

67 

0.49 

65.2 

300 

120-140 

68 

0.86 

83.5 

110 

120-140 

87 

0.48 

80.0 

100 

70-S0 

69-1 

1.48 

22.3 

200 

70-80 

69-2 

1.48 

19.7 

100 

120-140 

70 

1.48 

28.0 

200 

is  added  to  Pt/Si02  covered  with  the  nitroxide  at  25°C,  the  HSR  signal  dis- 
appears i. nmediately . liven  at  -73X1,  the  half-life  is  only  5-10  min.  If  the 
hydrogen  is  removed  after  the  signal  has  disappeared  and  oxygen  added  at  0«C, 
the  signal  of  nitroxide  returns.  Thus,  the  nitroxide  is  first  reduced  to 
the  hydroxyl  amine  and  that  is  then  reoxidized  to  the  nitroxide.  Since  the 
platinum  particles  are  separated  by  about  100  A,  diffusion  must  occur.  Since 
it  is  unlikely  that  the  platinum  particles  diffuse  at  -78°C  or  that  hydrogen 
atoms  diffuse  from  platinum  onto  the  silica  gel,  it  is  postulated  that  the 
nitroxide  and  perhaps  the  hydroxyl  amine  diffuse  on  silica  relatively  rapidly. 
This  work  shows  a definite  effect  of  the  support.  These  results  must  be 
compared  with  Pt/Ala03  and  others. 

X-ray  techniques  will  also  be  applied  to  the  physical  characterization 
of  the  catalysts.  Toward  this  end,  procedures  have  been  established  and 
tested  for  measuring  the  surface  area  by  means  ol  x— lays.  A special  sample 
holder  which  utilizes  bcryliuin  windows  and  is  capable  of  being  evacuated  and 
simultaneously  heated  to  200  C lias  been  constructed.  Tests  with  activated 
charcoal  have  given  excellent  agreement  with  published  data,  and  a careful 
study  has  been  made  of  the  error  limits.  The  entire  procedure  of  measurement 
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and  data  processing  to  obtain  surface  area  and  particle  size  has  been 
successfully  automated,  and  measurements  on  the  silica  gel  support  have 
begun. 

3.  Catalytic  Characterization 

The  effects  of  several  catalytic  reactions  on  our  series  of  catalysts 
will  be  investigated.  Those  reactions  will  be  chosen  from  among  reactions 
thought  to  be  insensitive  to  particle  size  as  well  as  from  those  thought  to 
be  sensitive  to  particle  size.  In  the  latter  category  we  will  investigate 
the  isotopic  exchange  between  cyclopentane  and  deuterium.  There  is  evidence 
that  the  isotopic  exchange  distribution  of  cyclopentane  is  sensitive  to  the 
size  and  structure  of  the  metal  particles  (B1,B2).  An  apparatus  was  con- 
structed for  the  study  of  this  reaction  but  not  operated  during  the  period 
of  this  report. 

The  hydrogenolysis  of  cyclopropane  is  probably  structure  insensitive. 
A differential  flow  reactor  for  the  study  of  this  reaction  line  therefore  been 
designed,  constructed  and  put  into  operation.  This  reactor  system  permits 
direct  determination  of  catalytic  activity  for  various  reactions  under  con- 
ditions of  small  conversions  and  in  the  absence  of  any  physical  transport- 
interferences.  It  will  be  the  basic  apparatus  used  for  catalytic  activity 
determinations  during  the  course  of  this  research.  A schematic  diagram  is 
given  in  Figure  1. 

A complete  series  of  experiments  to  determine  activity  for  the  hydro- 
genolysis of  cyclopropane  of  one  of  the  catalysts  to  be  studied  (1.2%  im- 
pregnated Pt  on  120-140  mesh  SiCh,  , 40. 7%  dispersion)  was  conducted  during  the 
year.  Experimental  conditions  were  varied  from  -12  to  22°C  at  approximately 
one  atm.  total  pressure  and  a hydrogen  to  hydrocarbon  ratio  of  15  to  1.  The 
catalyst  activity  at  each  temperature  investigated  was  constant  and  repro- 
ducible within  ± 5%.  At  0°C,  che  turnover  number  (number  of  reactions  per 
catalytic  site  per  time)  determined  from  these  experimental  data  was 

2.0  x Id"2  react ions /site /second.  This  is  to  be  compared  with  a value  of 

7.1  x lCT3  react  ions /site /second  reported  by  Boudart  et  al.  (B3)  on  a much 
less  dispersed  (17%)  Pt/Si03  catalyst.  Activation  energy  determined  in  our 
experiments  was  8.0  ± kcal/gmole,  which  is  in  good  agreement  with  values 
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previously  determined  for  Pt/SiOa  (B4)  and  Pt  on  pumice  (B5).  The  apparatus 
is  currently  being  used  to  make  similar  activity  measurements  for  the  other 
three  Pt/SiO,,  catalysts  in  the  series,  again  using  the  cyclopropane 
hydrogenolysis  reaction. 
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The  purpose  of  these  experimental  investigations  has  been  to  show  how 
changes  in  physical  or  chemical  microstructure  can  cause  changes  (maximiza- 
tion) in  the  magnitude  of  the  permanent  electrical  polarization.  Polyacrylo- 
nitrile (PAN)  was  selected  for  this  research  for  a number  of  reasons.  1)  Its 
nitrile  chain  side  groups  have  an  unusually  large  dipole  moment  (3.4  D).  2) 

It  is  well  known  to  be  a good  engineering  material.  3)  Because  there  is  an 
incomplete  understanding  of  the  PAN  solid  state,  studies  on  the  behavior  of 
dipoles  within  PAN  samples  should  contribute  important  basic  information  on 
this  useful  material.  4)  Finally,  pyrolysis  treatments  are  known  to  cause 
chemical  conjugation  of  nitrile  side  groups,  and  the  resulting  chemical 
moieties  are  predicted  to  be  sites  in  which  electrons  or  electron  holes  (as 
would  give  . ise  to  a homocharge  in  polarized  solids)  could  be  favorably 
stabilized. 
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Experiments  were  performed  in  a specially  constructed  test  cell  that 
would  permit  1)  PAN  specimens  to  be  subjected  to  a variety  of  annealing, 
poling  and  uniaxial  stretching  sequences  and  2)  these  same  specimens  to  have 
their  thermally  stimulated  discharge  (TSD^  currents  measured  irj_  situ.  Tem- 
perature stability,  both  under  isothermal  and  programmed  conditions,  was 
accurate  to  ± O.OIOC;  electrical  current  noise  levels  were  below  2 x 1CT13 
amps.  Characterization  of  samples  prepared  in  this  apparatus  was  also  done 
using  x-ray  di f fractomctry  and  optical  birefringence  measurements. 

1.  Unpolarized  PAN 

Films  in  theii  as-cast  condition  appear  to  possess  a fairly  large 
level  of  electrical  polarization,  as  can  be  inferred  from  TSD  currents 
measured  when  heating  to  200'->c.  A large  peak  whose  maximum  is  observed  at 
180°C  can  be  seen,  but  the  surprising  property  of  this  peak  is  that  on  re- 
cycling tin's  same  specimen  back  to  200°C  one  sees  essentially  the  same  TSD 
peak.  This  fact  by  itself  suggests  either  that  there  is  some  chemical  or 
physical  source  of  current  other  than  decaying  preferential  orientation  of 
dipoles  or  that  dipoles  can  reorganize  into  similar  anisotropic  structures 
when  the  solid  cools.  A comparison  of  x-ray  scattering  from  PAN  in  as-cast 
and  annealed  states  reveals  a strong  tendency  of  this  material  to  undergo 
ordering  into  a kind  of  paracrystalline  state  when  heated  once.  Thus,  it  is 
clear  that  there  are  strong  interchain  forces  that  affect  whatever  structures 
exist  in  this  material. 

2.  Polarized  PAN 

Films  of  PAN  with  thicknesses  of  about  100  microns  were  given  a 
permanent  electrical  polarization  by  heating  to  130°C  and  subjecting  them  to 
fields  of  5 x 1CP  V/m  with  contacting  evaporated  gold  electrodes;  the  speci- 
mens were  left  at  this  poling  temperature  for  a minimum  of  15  min.  prior  to 
cooling  to  room  temperature.  Specimens  poled  thusly  were  then  heated  at 
l°C/min.  to  20(PC,  and  the  resulting  TSD  currents  were  recorded.  Four  peaks 
having  maxima  at  about  40°C^\  60°C^,  80°C^^  and  180°C^a^  were  observed 
in  these  data.  The  first  two  are  weak  and  have  not  yet  been  assigned  to  a 
particular  mechanism,  but  the  latter  two  are  probably  associated  with  PAN 
relaxation  processes  that  have  already  been  described  in  the  literature. 
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Both  1 1 10  80  C peak  and  t'lic  180 ’C  peak  can  be  made  free  of  neighboring  peaks 
by  "cleaning"  (healing  to  temperatures  that  discharge  all  lower  temperature 
peaks  but  do  very  little  to  the  peak  under  investigation).  This  fi  process 
is  thought  to  involve  disruption  of  interchain  association  in  para crystalline 
domains,  while  the  a peak,  which  also  exists  in  unpolarized  PAN,  is  thought 
to  be  due  to  disruption  of  interchain  association  in  disordered  regions. 
Activation  energies  have  been  computed  for  both  by  curve  fitting  and  by 
Arrhenius  plots  of  Ln  (current)  versus  T"1  , and  the  contribution  each  peak 
makes  to  total  polarization  lias  been  computed  in  terms  of  a "normalized 
polarization."  These  data  are  contained  in  Table  C-l.  Most  interesting  is 
the  fact  that  the  Q!  peak,  which  is  present  whether  or  not  the  specimens  were 
polarized,  exhibits  a reversed  polarity  when  the  sign  of  the  poling  field  is 
appropriately  reversed,  in  other  words,  if  there  is  an  applied  field  present, 
even  at  temperatures  below  those  needed  to  permit  its  discharge,  the  dipolar 
structure  responsible  tor  the  a peak  will  form  witli  an  orientation  controlled 
by  the  externally  applied  field  rather  than  by  any  aspect  of  the  PAN  specimen 
itself. 

Films  possessing  this  permanent  electrical  polarization  exhibit  a 
uniform  level  of  birefringence  throughout  their  cross-section  but  n.  appre- 
ciable change  in  their  x-ray  scattering  patterns.  These  facts  tend  to  con- 
firm the  proposition  that  the  polarization  is  a hetcrochargc  originating 
from  oriented  dipoles  in  PAN.  Yet,  if  the  dipoles  were,  in  fact,  as  well 
oriented  as  is  suggested  by  the  magnitudes  of  their  normalized  polarization 
values,  then  it  is  difficult  to  imagine  how  the  paracrystallinity  of  these 
films  would  also  remain  unchanged.  Intuitively,  one  expects  that  such  pre- 
ferred orientation  of  side  groups  would  lead  to  smaller  interchain  distances, 
to  larger  deviations  in  chain  packing  from  a hexagonal  symmetry  or  to  some 
texturization  in  diffraction  effects.  Yet,  because  the  present  data  fail  to 
provide  information  supporting  any  such  feature,  this  aspect  remains 
unresolved  at  the  present  time. 

3.  Stretched,  then  Polarized  PAN 

As  can  be  seen  in  Table  C-l,  some  improvements  in  polarization  are 
realized  when  a film  which  had  previously  been  heated  to  100°C  and  strained 
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uniaxiaU.y  is  subjected  to  tlic  same  poling  conditions  as  described  above. 

TSD  curves  reveal  that  the  y peak  is  shifted  from  60°C  to  about  75°C  and  tlie 
P peak  is  moved  to  90°C.  The  origins  of  these  effects  are  unknown,  but  they 
may  reflect  improved  packing  of  chains  that  would  , in  turn,  require  slightly 
higher  levels  of  energy  to  cause  the  onset  of  depolarization.  An  approxi- 
mately four-fold  increase  in  normalized  polarization  due  to  the  relaxation 
mechanism  that  produces  the  a peak  represents  a significant,  although  not 
spectacular,  improvement  in  PAN  electrets.  Presumably  this  benefit  is  due 
to  the  preferred  chain  orientation  that  permits  better  (on  average)  alignment 
of  their  dipolar  sidegroups  in  directions  parallel  to  the  poling  field.  No 
change  in  x-ray  diffraction  and  only  a slight  increase  in  optical  bire- 
fringence properties  has  been  observed  compared  to  analogous  unpolarized 
specimens . 


4.  PAN  Simultaneously  Stretched  and  Polarized 

Parly  experiments  sought  to  investigate  polarization  in  films  that 
were  simultaneously  stretched  while  the  polarizing  field  was  being  applied. 
Because  our  voltage  source  was  inadequate  to  create  appreciable  fields  using 
non -contacting  electrodes,  this  work  was  suspended.  A stronger  voltage 
source  is  now  being  procured.  The  work  performed  to  date  indicates  that  the 
a peak  is  unaffected  by  poling  while  stretching  but  that  the  f peak  increases 
by  a factor  of  approximately  200.  Birefringence  was  found  to  increase  sub- 
stantially,  suggesting  that  the  origins  of  the  optical  anisotropy  are 
appropriately  affected  by  this  preparatory  treatment.  These  observations 
might  mean,  for  example,  that  an  increased  mass-fraction  of  paracrystalline 
regions  results  from  stretching,  and  because  their  formation  occurs  in  the 
presence  of  an  applied  electrical  field,  the  dipoles  within  them  have  a 
strong  tendency  to  become  oriented  in  one  direction.  It  may  be  that  polari- 
zation, whose  relaxation  gives  rise  to  the  a peak,  remains  unaffected  from 
whatever  polarity  it  had  when  the  film  was  first  solution-cast  because  the 
length  of  time  any  given  part  of  the  film  spends  between  these  electrodes  is 
very  short  (only  a few  minutes).  Much  more  work  needs  to  be  done  along 
these  lines. 
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TABLE  C-l 

Data  Summary:  Permanently  Polarized  PAN 


Depolarizat ion 
Peak 

Specimen 

Preparation 

T , 

max 

°C 

Eact’ 

Kcal/mole 

Normalized 

Polarization 

P 

unstretched 

80 

28 

122 

P 

stretched 

90 

•A* 

212 

a 

unstretched 

180 

45 

12,900 

a 

stretched 

180 

44 

50,600 

*Pcak  not  sufficiently  isolated  for  accurate  determination. 
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Several  years  ago  Professor  Hilliard  developed  a technique  for  pro- 
ducing thin  foils  (~  0.5  g.m)  containing  <5ne-dimonsional  short  wavelength 
(8  - 80  A)  composition  modulations.  The  foils  were  initially  used  for  an 
investigation  of  diffusion  over  very  short  distances.  However,  it  later 
became  apparent  that  they  were  well  suited  for  studying  the  effect  of 
structure  on  properties  in  general  because  the  structure  (in  terms  of  tae 
amplitude  and  the  wavelength  of  the  modulation)  was  well  defined  and  easily 
controlled.  In  a study  closely  related  to  the  present  project,  mechanical 
property  tests  have  been  made  on  Cu-Ni  foils  containing  composition  modula- 
tions in  the  range  of  15  - 70  A . These  foils  exhibited  a substantial  in- 
crease in  their  elastic  modulus  as  the  wavelength  of  the  composition 
modulation  decreased.  Under  the  current  program,  these  studies  are  to  be 
extended  to  copper  palladium  modulated  foils  with  the  objective  of  testing 
Calm's  theory  of  strengthening  produced  by  spinodal  decomposition.  Calm  (Dl) 


• ••  > 


30 

proposed  a theory  which  accounted  for  the  increase  in  strength  of  an  alloy 
undergoing  spinodal  decomposition.  Such  an  alloy  lias  composition  fluctua- 
tions which  can  be  described  by  stationary  plane  waves.  These  composition 
fluctuations  possess  both  amplitude  and  wavelength.  When  the  foils  contain- 
ing such  spinodal  composition  fluctuations  are  annealed  (aged),  the  wave- 
lengths arc  affected  by  the  temperature  while  the  amplitude  is  affected  by 
the  annealing  time.  There  is  an  analogy  between  the  resistance  to  the  pas- 
sage of  a dislocation  through  a material  containing  precipitates  and  the 
resistance  encountered  when  the  dislocation  encounters  composition  gradients 
and  internal  stresses  caused  by  spinodal  decomposition.  Copper  and  palladium 
have  a large  difference  in  atomic  sizes;  according  to  the  theory,  a compo- 
sition modulation  in  tiiis  system  should  produce  a very  substantial  increase 
in  yield  strength. 

The  foils  are  prepared  by  evaporating  the  two  components  through  a 
rotating  pin-wheel  shutter.  The  rotating  shutter  cuts  off  the  vapor  first 
from  one  crucible  and  then  from  the  other,  thus  building  up  alternating 
layers  of  the  two  components.  Since  some  diffusion  occurs  during  deposition, 
the  final  structure  is  close  to  being  a sinusoidal  function  of  composition 
versus  distance.  The  wavelength  of  the  modulation  is  determined  from  the 
location  of  the  sidebands  it  produces  around  the  bragg  x-ray  diffraction 
peaks . 

The  mechanical  tests  are  performed  in  a "bulge"  tester  that  was 
designed  and  constructed  for  this  investigation.  After  the  foils  are  stripped 
from  the  substrate,  the  foil  is  clamped  over  a hole  (approximately  10  mm  in 
diameter)  at  the  end  of  a cylinder.  Kxcess  gas  pressure  was  applied  to  the 
cylinder,  and  the  heignt  of  the  bulge  it  produces  in  the  foil  is  measured 
with  a laser  interferometer.  Since  the  excess  pressure  and  the  height  of 
the  bulge  are  known,  a stress-strain  curve  can  be  constructed.  There  is 
agreement  in  the  literature  on  the  calculation  of  the  stress  in  the  bulged 
foil,  but  various  expressions  have  been  given  for  the  strain.  The  reason  for 
the  disagreement  is  that  different  approximations  have  been  utilized.  In 
order  to  resolve  this  conflict,  Professor  Hilliard  and  his  students  have  ob- 
tained an  exact  numerical  solution  on  a computer  of  the  strain  distribution 
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during  the  period  covered  by  this  report.  This  solution  has  been  used  to 
analyze  the  data  obtained  for  the  Cu-Ni  foils  (the  work  on  the  Cu-.Ni  foils 
was  supported  by  Northwestern  University). 

Several  attempts  have  been  made  to  evaporate  the  f.u-l’d  foils  but  thus 
far  without  success.  The  problem  is  that  the  melting  point  of  the  alumina 
crucibles  is  too  close  to  that  of  the  I’d,  resulting  in  contamination  of  the 
foils.  Other  crucible  materials  will  be  investigated. 
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